S
troke during the perinatal period affects central nervous system development and leads to neurological morbidity later in life. Recent data suggest a higher incidence of focal ischemia in neonates compared with the incidence of global cerebral ischemia arising from systemic asphyxia. 1 In the neonate, mechanisms of asphyxia are being extensively studied using a model of hypoxia-ischemia, 2,3 while mechanisms of arterial ischemic injury without the confounding effect of hypoxia are not fully understood. Different strategies for neuroprotection may be required for neonates because the extent of apoptotic and necrotic cell death depends on both age and the severity of the arterial ischemic insult. 4 Studies in which a hypoxia-ischemia model in postnatal day 7 (P7) rodents produced by common carotid artery ligation and global hypoxia was used show that apoptotic and necrotic cell death each account for approximately 50% of brain tissue loss. 5, 6 Apoptotic cell death is a highly regulated process that in many cases requires activation of caspases, a superfamily of cysteine aspartyl-specific proteases (see Schulz et al 7 for review). Several of the 14 known mammalian caspases are involved in initiation of the apoptotic cascades, while other caspases are responsible for the execution of apoptosis. Caspase-3, an executioner caspase, is thought to play a central role in apoptosis in a wide variety of cells. 8 Activated caspase-3 cleaves proteins important in maintaining neuronal process integrity, such as actin and fodrin, 8, 9 and nuclear proteins including DNA-dependent protein kinase, the DNA fragmentation factor/inhibitor of caspase-activated DNase (DFF45/ICAD), and poly (ADP-ribose) synthase (PARP). 8 The level of inactive caspase-3 in normal forebrain tissue gradually declines during maturation, with high levels present in P7 rat pups and very low levels present in adult rats. 10 Neurons are the predominant cell population that undergo caspase-3-dependent apoptosis, starting several hours after hypoxia-ischemia. 11, 12 Execution of programmed cell death is dependent on new protein and RNA synthesis, mitochondrial function, 13 and sufficient ATP levels for the activation of the caspase cascade. 14 Recent evidence suggests that although some caspase-3-dependent cell death occurs in the adult brain after ischemia, caspase-dependent death is particularly prominent in the neonatal brain after hypoxic and ischemic insults, including hypoxia-ischemia, 11, 15, 16 a combination of permanent middle cerebral artery (MCA) ligation with transient common carotid artery occlusion, 17 or global hypoxiaischemia. 9 For example, a pan-caspase inhibitor in the latter model decreased brain injury by approximately 50%. 6 The aim of this study was to determine whether activation of caspase-3 occurs in the ischemic core and perifocal regions after transient focal ischemia in the neonatal brain and whether persistent perfusion deficits after permanent occlusion result in a similar pattern of apoptosis. We used focal ischemia models of transient and permanent MCA occlusion 18, 19 to determine the spatial/temporal activation of caspase-3 in relation to disruption of cerebral homeostasis and the presence of reperfusion. Diffusion-weighted MRI (DW MRI) was used to characterize spatial patterns of injury shortly after occlusion and to identify the ischemic core and penumbra. Our data show that neuronal caspase-3 activation occurs robustly in both the ischemic core and penumbra after transient focal ischemia. Furthermore, the temporal patterns and degree of caspase-3 activation depend on disturbances in cerebral blood flow coupled with the presence of reperfusion, which markedly increase caspase-3 activation in lesioned regions.
Materials and Methods

Animal Model
All animal research was approved by the University of California at San Francisco Committee on Animal Research and was performed in accordance with the Guide for the Care and Use of Laboratory Animals, US Department of Health and Human Services, Publication No. 1985 . Sprague-Dawley rats with a 6-day-old litter (10 pups per litter) were obtained from Simonson Labs (Gilroy, Calif). The mother and pups were given food and water ad libitum and housed in a temperature/light-controlled animal care facility. P7 rat pups (weight, 14.7Ϯ1.5 g) were subjected to MCA occlusion. 18, 19 Briefly, surgical procedures were performed in spontaneously breathing rats under temperature-controlled conditions with the use of 1% isoflurane in a mixture of 30% O 2 and 70% N 2 O. The right common carotid artery was exposed, and the right external carotid artery was ligated. A coated monofilament polypropylene suture (7-0) was advanced through an incision in the external carotid artery to occlude the MCA and was secured. In sham-operated rat pups, the suture was inserted but not advanced. Rat pups were monitored carefully to make sure that they fed and remained hydrated. The suture was either left in to produce permanent MCA occlusion or removed 3 hours after MCA occlusion to reestablish flow.
MRI Examination and Measurements of Regions of Interest
Echo-planar DW MRI was conducted to document injury and to provide a guide for selecting core and penumbral zones. All animals were imaged between 2 and 2.75 hours after MCA occlusion. Images with heavy diffusion-sensitizing gradient in 4 coronal sections that cover the entire MCA vascular territory were acquired in a field of view of 30 mm according to the standard Stejskal-Tanner method for spin echo, as previously described. 19 Pups with unaltered signal on a single image with heavy diffusion-sensitizing gradient in the entire hemisphere ipsilateral to MCA occlusion were excluded from the study. If hyperintensity was observed in the MCA territory, apparent diffusion coefficient (ADC) maps were constructed by acquiring a set of 9 images with increasing diffusion gradient amplitude.
The ADC-based measurements of the size of the ischemic core and penumbra were performed as follows: the ranges of the lowest ADC values and ADC values in the matching contralateral anatomic regions were derived from the ADC maps such that the region with ADC values lower than the mean of the lowest ADC values plus 1 SD was referred to as the core. The region with ADC values higher than the mean of the ADC values plus 1 SD in the core but lower than the mean of normal ADC values minus 2 SDs in that region was referred to as the ischemic penumbra. The size of the core was expressed as a percentage of the ipsilateral hemisphere area (NIH Image Software) and compared with the size of region containing the CM1-immunoreactive cells. DW MRI was used to guide dissection of affected and matching control regions for Asp-Glu-Val-Asp (DEVD) cleavage assay and Western blot.
DEVD Cleavage Assay
Asp-Glu-Val-Asp-aminomethylcoumarin (DEVD-AMC) cleavage assay was performed as previously described. 11 Rats were killed 3, 8, 18, or 24 hours after reperfusion (nϭ3 to 5 per group) or 7, 11, or 27 hours after permanent MCA occlusion (nϭ4 to 5 per group). Brains were quickly removed, and tissues from the ischemic region and the matching contralateral anatomic regions were dissected on ice, flash-frozen, and used in the DEVD assay and Western blots. 
Western Blot Analysis
Fresh-frozen tissue was homogenized in ice-cold buffer containing 20 mmol/L Tris (pH 7.4), 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1% Triton X-100, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L sodium orthovanadate, 1 g leupeptin, and 1 mmol/L Pefablock, and homogenates were centrifuged at 12 000g for 10 minutes. Protein concentration was normalized in supernatant from each brain sample (Pierce kit). Samples were boiled for 5 minutes, subjected to SDS-PAGE (40 g of protein per lane), and transferred to nitrocellulose (Amersham). Blots were rinsed with 1ϫ Tris-buffered saline (TBS) and 0.1% Tween (TTBS), blocked with 5% milk/TTBS for 1 hour, and probed with primary antibody against cleaved caspase-3 (1:1000, overnight, 4°C; Cell Signaling, Inc). Blots were stripped and reprobed with antibody against total caspase-3 (1:8000, overnight, 4°C; BD Biosciences, Inc). Appropriate secondary horseradish peroxidase-conjugated antibodies (1:2000, 1 hour, room temperature, Cell Signaling, Inc) were used, and signal was visualized with ECL (Amersham).
Immunohistochemistry
Rats were killed 0, 1, 4, 8, or 24 hours after reperfusion (nϭ3 to 4 per group) by perfusion-fixation with ice-cold 4% paraformaldehyde in 0.1 mol/L PBS (pH 7.4). Brains were removed, post-fixed for 24 hours, and cryoprotected with 30% sucrose/PBS (72 hours, 4°C); then 2 to 3 coronal sections through MCA territory were cut, flash-frozen with the use of isobutanol/dry ice mixture, and stored at Ϫ70°C. Histological sections that matched DW MRI sections were identified, and serial 50-m-thick coronal sections were cut with a freezing sliding microtome. Cresyl violet staining and immunohis-tochemistry were performed on adjacent sections. Peroxidase immunohistochemical staining was performed on free-floating sections with the use of the rabbit polyclonal anti-active caspase-3 CM1 antibody (1:20 000, gift of Idun, Inc) with the ABC Elite kit and visualized with diaminobenzidine as previously described. 11
Densitometric Analysis and Quantification of CM1-Immunoreactive Cells
The number of CM1-immunoreactive cells was measured in the developing ischemic core and in penumbra in 2 coronal sections per brain at the levels of plates 11 to 15 from a rat atlas 20 with a Zeiss inverted microscope (ϫ5 objective) and OpenLab Software (Improvision, Inc). Data were averaged per brain. Since precise colocalization of regions with moderately decreased ADC and on the corresponding histochemical slide was difficult, we counted CM1-immunoreactive cells only in the field of view where we were able to reliably identify anatomic features present within the respective sections. Cells were counted in 3 random fields of view of identical size in the core, penumbra, or matching contralateral region per section. Since some cells were clearly identifiable morphologically as neurons, while other cells were round and shrunken, these cell populations were counted separately. The size of the regions that contained CM1-immunoreactive cells after MCA occlusion was determined at ϫ1 and expressed as percentage of ipsilateral hemisphere.
Immunofluorescence Labeling
Tissue sections were blocked with 3% goat serum in TBS and incubated overnight with mouse anti-neuronal nuclei (1:100) antibody (NeuN, Chemicon, Inc) and CM1 (1:5000). After they were washed, secondary antibodies conjugated to the fluorescent markers Alexa-488 and Alexa-568 (Molecular Probes) were applied to sections for 1 hour. Sections were then washed, mounted on slides, coverslipped with Vectashield mounting media (Vector, Inc), and examined with a Zeiss LSM 5 Pascal confocal microscope.
Statistical Analysis
Statistical analysis was accomplished with the use of factorial 2-way ANOVA and post hoc significance testing with the Fisher test (Statview V, Abacus Software). Data, expressed as meanϮSD, were considered significant when PϽ0.05 was achieved.
Results
MRI-Based Delineation of Early Postischemic Injury in P7 Rats
A spatial pattern of injury was determined in each pup 2 to 3 hours after MCA occlusion with the use of DW MRI and derived ADC maps ( Figure 1A ). The severity of initial injury was graded in the core and in ischemic penumbra on the basis of the difference in ADC values in these regions. Boundaries around the ischemic core and penumbra for representative brain sections are shown in Figure 1B . ADC values were 0.89Ϯ0.09 cm 2 /s ( Figure 1C ) in the contralateral cortex and 0.36Ϯ0.05 cm 2 /s in the core. The core occupied 39.5Ϯ6.5% of the ipsilateral hemisphere in a coronal plane containing the caudate. In penumbra, ADC values that met methodological criteria were in the range of 0.54Ϯ0.12 cm 2 /s. ADC maps and the corresponding spatial distribution of activated caspase-3 (CM1-immunoreactive cells) in the same brains are shown in Figure 3 .
Activation of Caspase-3 After Transient and Permanent MCA Occlusion in P7 Rats
DEVD-AMC cleavage activity was significantly higher in the ischemic tissue 8 hours after reperfusion than in the matching contralateral anatomic region of the same brain (Figure 2A ; PϽ0.005). Caspase activity continued to increase over time and was approximately 36 times higher in ischemic tissue compared with that in the contralateral hemisphere 24 hours after reperfusion (PϽ0.001). In contrast to transient MCA occlusion, where caspase-3-like activity progressively increased over the 24-hour postreperfusion period, caspase-3-like activity remained significantly lower after similar periods of permanent occlusion (PϽ0.004). No increase in DEVD-AMC cleavage activity was observed in the injured tissue at 7 hours after permanent MCA occlusion (Figure 2A) . A peak of activity was seen at 11 hours of permanent occlusion and was approximately 5 times lower at 27 hours after permanent MCA occlusion than activity at 24 hours of reperfusion (Figure 2A ). Caspase-3-like activity remained at basal levels in the contralateral hemisphere of pups subjected to either transient or permanent occlusion and was not significantly different at various time points. Caspase-3-like activity was also at basal levels in sham-operated pups (not shown). Cleavage of caspase-3 in ischemic tissue was confirmed by Western blot analysis. Pro-caspase-3 expression (an Ϸ32-kDa band) was observed in both ischemic tissue from the ipsilateral hemisphere and normal tissue from the contralateral hemisphere (top panel, Figure 2B ), while caspase-3 cleavage occurred in ischemic but not in normal tissue (bottom panel, Figure 2B ). Consistent with the results of the DEVD assay, cleavage was most profound at 18 to 24 hours of reperfusion and at this point was associated with almost complete loss of pro-caspase-3. Relative to transient MCA occlusion, both cleavage of caspase-3 ( Figure 2B ) and its activation ( Figure 2A ) were lower after permanent occlusion, Figure 1 . Acute changes in water diffusion after MCA occlusion in P7 rats. DW MRI was performed during suture MCA occlusion, and ADC maps were constructed. A, ADC map shows a well-outlined region of hypointensity in the injured brain regions. Note the gradual decrease in signal intensity at the edge of the core. B, Sketch of the ADC map shown in A. The ischemic core is demarcated in black, while penumbra is demarcated in gray. C, ADC values in the core, penumbra, and tissue in matching contralateral regions.
and a lesser caspase-3 activation was associated with a more severe injury ( Figure 2C ). While both transient and permanent MCA occlusion produced substantial injury ( Figure 2C) , permanent occlusion caused a consistently more severe injury. It was not feasible to measure the size of the infarct, however, since tissue after 24 to 27 hours of permanent occlusion was very fragile.
Time Course of Caspase-3 Activation (CM1 Immunoreactivity) in Ischemic Core and Penumbra
To examine caspase-3 activation in individual cells, selected coronal sections within imaging planes were immunostained with the CM1 antibody, an antibody specific for the activated forms of caspase-3 and -7. 21 There is abundant caspase-3 in the P7 rat brain and, according to previously published 11 and our unpublished data (D.M. Holtzman, 2002), little, if any, caspase-7; therefore, CM1-immunoreactive cells represent predominantly activated caspase-3. Figure 3 shows ADC maps and the corresponding expression of the cleaved caspase-3 in the same animals at various time points after reperfusion. Since CM1-immunoreactive cells formed a boundary around the injured region (Figures 3 and 4) , we used the positive cells as a boundary to measure the size of the injured region at 3, 8, and 24 hours after reperfusion. The sizes were 46Ϯ17%, 41.9Ϯ12.6%, and 35.1Ϯ5.2% of the hemisphere ipsilateral to the occlusion, respectively, and were not significantly different from each other. Because precise anatomic coregistration of MR data and histology is difficult, paired comparisons of sizes of the regions with altered ADC and regions with CM1-immunoreactive cells in sections that matched image sections were performed for each brain. The size of the core as identified by the ADC drop correlated with the size of regions outlined by the presence of CM1-immunoreactive cells (PϽ0.001, paired t test).
In the injured hemisphere, a maximum of 1 to 2 CM1-immunoreactive cells per hemisphere was observed 0 and 1 hour after reperfusion (data not shown). CM1-immunoreactive cells became apparent there 3 hours after reperfusion ( Figures 3B and 4) . Spatial ADC and CM1 maps ( Figure 3A and 3B) showed that caspase-3 cleavage first occurred in individual neurons, as well as clusters of neurons, within the penumbra, while CM1-immunoreactive cells were more dispersed in the core than in penumbra ( Figure 3B and 3C). By 8 hours of reperfusion, the number of CM1-immunoreactive cells increased in the core ( Figure 3D versus Figure 3E and 3F). The CM1-immunoreactive cells increased in the core, and the number remained significantly higher in penumbra (Figure 4 ; PϽ0.05). At 24 hours after reperfusion, the number of CM1-immunoreactive cells increased significantly in the core and to a lesser extent in penumbra ( Figures  3I, 3J, and 4) . Activated caspase-3 was seen in both morphologically intact neurons ( Figure 3G and 3J) and neurons undergoing various stages of apoptosis ( Figure 3F and 3J) . Both neuronal bodies and their processes were intensely stained ( Figure 3G ). Double-label immunofluorescence with the neuronal marker NeuN and CM1 antibody confirmed that, in injured tissue, NeuN-immunoreactive cells were the predominant population of cells undergoing caspase-3 cleavage ( Figure 3J ). CM1-immunoreactive cells were only rarely seen in the opposite hemisphere at any time point (Figure 4) .
Since both morphologically intact cells as well as cells undergoing advanced stages of cell death were CM1-immunoreactive (Figures 3 and 4) , cells that were clearly identifiable as neurons on the basis of morphological criteria (shape and the presence of processes) as well as immunoreactive cells that were small, round, and lacked other neuronal features were counted. When evaluated in this way, approximately 75% of CM1-immunoreactive cells in the core and 69% cells in the penumbra retained clear neuronal features 4 hours after reperfusion. The number of CM1-immunoreactive cells identifiable as neurons declined over time and constituted approximately 11% of CM1-immunoreactive cells in the core and 12% in the penumbra 24 hours after reperfusion. At this point, the majority of cells with activated caspase-3 immunoreactivity were shrunken, suggesting that they were undergoing the terminal phase of apoptotic execution and that a relatively small number of neurons enter caspase-dependent apoptosis by 24 hours of reperfusion.
Discussion
This study demonstrates that caspase-3 activation is prominent in the injured neonatal brain after focal transient arterial ischemia and that while early postreperfusion activation of caspase-3 is more rapid in the penumbra, a more delayed but marked caspase-3 activation occurs in the core by 24 hours of reperfusion. In addition, caspase-3 activity is significantly lower after permanent ischemia.
DW MRI was used to delineate injury 2 to 3 hours after MCA occlusion because we have previously shown that the ADC drop is predictive of infarction after transient MCA occlusion in P7. 19 Absolute ADC values in normal neonatal brain are higher 22, 23 and relative reduction of ADC in postischemic versus normal brain tissue is more profound in neonatal 19, 24 than in adult brain. [25] [26] [27] [28] Using an MRI-derived definition of core and penumbra, we determined that caspase-3 cleavage occurs in both regions but with different dynamics. Since coregistration of individual immunohistochemical sections that correspond to an MRI section is difficult because of changes in brain shape during tissue processing, anatomic landmarks were used to identify the corresponding sections. Using paired t tests, we showed a correlation between size of the core on DW MRI and regions with CM1-immunoreactive cells. Double staining with the neuronal marker NeuN and the CM1 antibody showed that, as in the case of the hypoxia-ischemia model, 11 caspase-3 cleavage occurs predominantly in neurons and that cleavage begins when neurons appear morphologically normal. Caspase-3 activation measured independently by DEVD assay and caspase-3 cleavage measured by Western blot analysis confirmed that activation was restricted to the ischemic/ reperfused tissue.
In the areas of moderate ADC reduction (penumbra), the number of CM1-immunoreactive cells was higher than in the core at 3 to 8 hours after reperfusion and continued to increase over time, reaching similar numbers in both areas at 24 hours of reperfusion. It would be important to know the evolution of the cerebral blood flow disturbance in relation to the ADC decrease in the penumbra, but difficulty in obtaining the temporospatial profile of cerebral blood flow in neonatal rats precluded these measurements.
The presence or absence of recirculation in models of transient and permanent MCA occlusion in P7 rats allows direct comparison of the role of reperfusion in triggering 
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mechanisms that contribute to neonatal brain damage.
Caspase-3-like activity increased gradually within 24 hours in the core after transient MCA occlusion but was overall lower in the nonperfused core after permanent occlusion, suggesting that caspase-3 activation depends on reperfusion. Accumulation of macrophages or astrocytes is unlikely to account for differences in caspase activity, 19 while reperfusion may play a permissive role for apoptosis to occur by restoring ATP and subsequent protein synthesis. Activation of caspase-3 occurs via mitochondria-dependent and -independent pathways, caspase-9 -dependent pathways.
Since postischemic activation of caspase-3 ultimately depends on the severity of the initial injury, a relative activation of caspase-8 and caspase-9 cascades after hypoxia-ischemia in the immature brain may be important. 15, 29, 30 Furthermore, apoptosis may be aborted by mechanisms that are poorly understood. 31 Recent evidence suggests that molecular markers besides caspase-3 may differentiate necrotic from apoptotic death. For example, in the P7 mouse hypoxia-ischemia model, 50% of cell death is caspase-3 independent. 5 Neurons dying via non-caspase-3-dependent death accumulate the glycoprotein clusterin, lack caspase-3 activation, and do not undergo apoptosis, while cells with cleaved caspase-3 do not accumulate clusterin.
The relationship between age and postischemic caspase-3 activation is not completely understood. Importantly, caspase-3 activity after transient focal cerebral ischemia in immature rats is orders of magnitude higher than that which occurs after hypoxia-ischemia in older rats. 4, 32, 33 Similar to this report, a large amount of caspase-3 activation was also reported 12 to 48 hours after hypoxia-ischemia in P7 rats. 5, 11 Use of other assays such as terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling (TUNEL) and electron microscopy supports morphological evidence of apoptotic-like changes within 24 hours of hypoxia-ischemia in P7 rodents, 11, 15, 16, 34 as well as after a combined MCA ligation with transient common carotid artery occlusion. 17, 35 A possible explanation for an age-related difference in caspase-3 activation is the presence of higher levels of pro-caspase-3 at P7. 10, 36 Other possible mechanisms include a different postreperfusion microcirculatory profile in young versus old animals or a differential ability to maintain energy homeostasis. In contrast to transient ischemia in mature brain, where a secondary postreperfusion decline in blood flow occurs within hours after reperfusion, 37 brain regions with restored perfusion in P7 rats 19 remain well perfused for at least 24 hours. 38 This provides an environment in which ATP can be maintained and intracellular homeostasis can be restored.
Knowledge of temporospatial dynamics of caspase-3-dependent apoptosis leads to potentially important implications for developing therapeutic strategies specifically for neonatal stroke. Further information on the ability to attenuate injury by inhibiting signaling cascades upstream of caspase-3 activation should reveal the functional role of apoptosis inhibition for treatment of this devastating event. 
